Abstract Since the discovery of a planet transiting its host star in the year 2000, thousands of additional exoplanets and exoplanet candidates have been detected, mostly by NASA's Kepler space telescope. Some of them are almost as small as the Earth's moon. As the solar system is teeming with moons, more than a hundred of which are in orbit around the eight local planets, and with all of the local giant planets showing complex ring systems, astronomers have naturally started to search for moons and rings around exoplanets in the past few years. We here discuss the principles of the observational methods that have been proposed to find moons and rings beyond the solar system and we review the first searches. Though no exomoon or exoring has been unequivocally validated so far, theoretical and technological requirements are now on the verge of being mature for such discoveries.
Introduction -Why bother about moons?
The moons of the solar system planets have become invaluable tracers of the local planet formation and bombardment, e.g. for the Earth-Moon system (Cameron and Ward 1976; Rufu et al 2017) and for Mars and its tiny moons Phobos and Deimos (Rosenblatt et al 2016) . The composition of the Galilean moons constrains the temperature distribution in the accretion disk around Jupiter 4.5 billion years ago (Pollack and Reynolds 1974; Canup and Ward 2002; Heller et al 2015) . And while the major moons of Saturn, Uranus, and Neptune might have formed from circumplanetary tidal debris disks (Crida and Charnoz 2012), Neptune's principal moon Triton has probably been caught during an encounter with a minor planet binary (Agnor and Hamilton 2006) . The orbital alignment of the Uranian moon systems suggests a "collisional tilting scenario" (Morbidelli et al 2012) and implies significant bombardment of the young Uranus. A combination of these observations constrains the migration of the giant planets (Deienno et al 2011) , planet-planet encounters (Deienno et al 2014) , bombardment histories (Levison et al 2001) , and the properties of the early circumsolar disk (Jacobson and Morbidelli 2014) . The Pluto-Charon system can be considered a planetary binary rather than a planet-moon system, since its center of mass is outside the radius of the primary, at about 1.7 Pluto radii. A gi- ant impact origin of this system delivers important constraints on the characteristic frequency of large impacts in the Kuiper belt region (Canup 2005) . Planetary rings consist of relatively small particles, from sub-grain-sized to boulder-sized, and they are indicators of moon formation and moon tidal/geophysical activity; see Enceladus around Saturn (Spahn et al 2006) .
Exomoon and exoring discoveries can thus be expected to deliver information on exoplanet formation on a level that is fundamentally new and inaccessible through exoplanet observations alone. Yet, although thousands of planets have been found beyond the solar system, no natural satellite has been detected around any of them. So one obvious question to ask is: Where are they?
Early Searches for Exomoons and Exorings
So far, most of the searches for exomoons have been executed as piggyback science on projects with a different primary objective. To give just a few examples, Brown et al (2001) used the exquisite photometry of the Hubble Space Telescope (HST) to observe four transits of the hot Jupiter HD 209458 b in front of its host star. As the star has a particularly high apparent brightness and therefore delivers very high signal-to-noise transit light curves, these observations would have revealed the direct transits of slightly super-Earth-sized satellites ( 1.2 R ⊕ ; R ⊕ being the Earth's radius) around HD 209458 b if such a moon were present. Alternatively, the gravitational pull from any moon that is more massive than about 3 M ⊕ (M ⊕ being the Earth's mass) could have been detected as well. Yet, no evidence for such a large moon was found. Brown et al (2001) also constrained the presence of rings around HD 209458 b, which must be either extremely edge-on (so they barely have an effect on the stellar brightness during transit) or they must be restricted to the inner 1.8 planetary radii around HD 209458 b.
In a similar vein, Charbonneau et al (2006) found no evidence for moons or rings around the hot Saturn HD 149026 b, Pont et al (2007) found no moons or rings around HD 189733 b, and Santos et al (2015) rejected the exoring hypothesis for 51 Peg b. Maciejewski et al (2010) used ground-based observations to search for moons around WASP-3b by studying the planet's transit timing variations (TTVs) and transit duration variations (TDVs). Yet, as TDVs remained undetectable in that system an exomoon scenario seems very unlikely to cause the observed TTVs. More recently, Heising et al (2015) scanned a sample of 21 transiting planets observed with the Kepler space telescope (Borucki et al 2010) and found no conclusive evidence for ring signatures. Later, Lecavelier des Etangs et al (2017) published a search for moons and rings around the warm Jupiter-sized exoplanet CoRoT-9 b based on infrared (4.5 µm) photometry obtained with the Spitzer space telescope during two transits in 2010 and 2011. Moons larger than 2.5 Earth radii were excluded at the 3 σ confidence level, and large silicate-rich (alternatively: icy) rings with inclinations 13 • (alternatively: 3 • ) against the line of sight were also excluded.
The Hunt for Exomoons with Kepler (HEK) project (Kipping et al 2012) , the first dedicated survey targeting moons around extrasolar planets, is probably the best bet for a near-future exomoon detection. Their analysis combines TTV and TDV measurements of exoplanets with searches for direct photometric transit signatures of exomoons. The most recent summary of their Bayesian photodynamical modeling (Kipping 2011) of exomoon transits around a total of 57 Kepler Objects of Interest has been presented by Kipping et al (2015) . Other teams found unexplained TTVs in many transiting exoplanets from the Kepler mission (Szabó et al 2013) , but without additional TDVs or direct photometric transits, a robust exomoon interpretation is impossible.
Tentative Detections of Exomoons and Exorings
While a definite exomoon discovery remains to be announced, some tentative claims have already been presented in the literature. One of the first exomoon claims was put forward by Bennett et al (2014) −0.19 AU is a more reasonable explanation than the hypothetical 3.2 M Jup -mass free-floating planet with a 0.47 M ⊕ -mass moon at a separation of 0.13 AU. Sadly, the sources of microlensing events cannot be followed up. As a consequence, no additional data can possibly be collected to confirm or reject the exomoon hypothesis of MOA-2011-BLG-262. In the same year, Ben-Jaffel and Ballester (2014) proposed that the observed asymmetry in the transit light curve of the hot Jupiter HD 189733 b might be caused by an opaque plasma torus around the planet, which could be fed by a tidally active natural companion around the planet (which is not visible in the transit light curve itself, in this scenario). But an independent validation has not been demonstrated.
Using a variation of the exoplanet transit method, Hippke (2015) presented the first evidence of an exomoon population in the Kepler data. The author used what he refers to as a superstack, a combination of light curves from thousands of transiting exoplanets and candidates, to create an average transit light curve from Kepler with a very low noise-to-signal level of about 1 part per million. This superstack of a light curve exhibits an additional transit-like signature to both sides of the averaged planetary transit, possibly caused by many exomoons that are hidden in the noise of the individual light curves of each exoplanet. The depth of this additional transit candidate feature corresponds to an effective moon radius of 2120 +330 −370 km, or about 0.8 Ganymede radii. Interestingly, this signal is much more pronounced in the superstack of planets with orbital periods larger than about 35 d, whereas more close-in planets do not seem to show this exomoon-like feature. This finding is in agreement with considerations of the Hill stability of moons, which states that stellar gravita-
INTERPRETING THE J1407B MODEL
By visual examination there is a clear decrease and subsequent increase in the transmission of J1407 flux with a minimum around MJD 54,220. Using photometry averaged in 24 hr bins, a ring model with four broad rings is consistent with data on these timescales (Mamajek et al. 2012 ). On hourly timescales, the large flux variations are consistent with sharp-edged rings crossing over the unresolved stellar disk. We do not find an azimuthally symmetric ring model fit that is consistent with all the photometric data at these timescales. Owing to the incomplete photometric coverage, there are several models that fit with similar χ 2 values to the data. In all of these cases, we see the presence of rapid fluctuations in the ring transmission both as a function of time and as a function of radial separation from the secondary companion.
There are clear gaps in all the ring model solutions explored. Gaps in the rings of solar system giant planets are caused either directly by the gravitational clearing of a satellite or indirectly by a Lindblad resonance due to a satellite on a larger orbit. The J1407 ring system is larger than its Roche limit for the secondary companion. A search for the secondary companion is detailed in , and the constraints from null detections in a variety of methods result in a most probable mass and orbital period for the secondary companion. These orbital parameters are summarized in Table 3 . We take the most probable mass and period for the moderate range of eccentricities with mass 23.8 M Jup and orbital period 13.3 yr, although we note that the period could be as short as 10 yr and the mass can be greater than 80 M Jup , but this mass is considered highly unlikely, with a probability of less than 1.2%. Gaps in the ring system are seen either directly as the photometric flux from J1407 returning to full transmission during the eclipse or indirectly as a fit of the model to intermediate transmission photometric gradients. One ring gap with photometry is at HJD 54,210, seen during the ingress of J1407 behind the ring system. The corresponding radius for this gap in the disk is seen from 5.9 × 10 7 km to 6.3 × 10 7 km (indicated in Figure 6 ), corresponding to an orbital period P sat of
If we assume that the gap is equal to the diameter of the Hill sphere of a satellite orbiting around the secondary companion and clearing out the ring, then an upper mass for a satellite can be calculated from
For the case of 23.8 M Jup this corresponds to a satellite mass of 0.8 M ⊕ and an orbital period of 1.7 yr.
The ring transmission at smaller radii shows structures that are analogous to the Kirkwood gaps in the solar system, where the smooth radial distribution of asteroids is interrupted by perturbations due to period resonances with Jupiter. In the case of the largest ring around Saturn, the Phoebe ring is not coplanar with the other rings (Verbiscer et al. 2009 ) but lies in the plane of Saturn's orbit. This is due to the dominance of solar perturbations over the gravitational perturbation caused by the J 2 contribution of Saturn's gravitational field. The planet β Pictoris b was recently shown to have a rotation period of tional perturbations may perturb the orbit of a moon around a close-in planet such that the moon will be ejected (Domingos et al 2006) . Teachey et al (2017) also used a stacking method for 284 Kepler Objects of Interest with sufficiently high signal-to-noise ratios to constrain the occurrence rate of Galilean-analog moon systems to be η < 0.38 with a 95 % confidence and η = 0.16 , but the preliminary analysis suggests that this candidate would have a radius roughly the size of Neptunethus its informal designation as a "Nept-moon" -and it would orbit a very massive Jupiter-sized planet. If validated, this binary would certainly present a benchmark system to study planet and moon formation because it would be fundamentally different from any planet-moon system found in the solar system.
Beyond the exquisite photometric data quality of the Kepler telescope, the COnvection ROtation and planetary Transits (CoRoT; Auvergne et al 2009) space mission also delivered highly accurate space-based stellar observations. One particularly interesting candidate object is CoRoT SRc01 E2 1066, which shows a peculiar bump near the center of the transit light curve that might be induced by the mutual eclipse of a transiting binary planet system (Lewis et al 2015) , i.e., a giant planet with a very large and massive satellite. However, only one single transit of this object (or these two objects) has been observed, and so it is currently impossible to discriminate between a binary planet and a star-spot crossing interpretation of the data.
There has also been one supposed observation of a transiting ring system, which has been modeled to explain the curious brightness fluctuation of the 16 Myr young K5 star 1SWASP J140747.93-394542.6 (J1407 for short) observed around 29 April 2007 (Mamajek et al 2012) . The lower panel of Figure 1 shows the observed stellar brightness variations, and the panel above displays the hypothesized ring system that could explain the data. This visualization nicely illustrates the connection between rings and moons, as the gaps in this proposed ring system could have been cleared by large moons that were caught in a stage of ongoing formation (Kenworthy and Mamajek 2015). The most critical aspect of this interpretation though is in the fact that the hypothesized central object has not been observed in transit. Another issue is that the orbital period of this putative ring system around J1407 can only be constrained to be 10 yr , and private communication with M. Kenworthy). In other words, the periodic nature of this proposed transit event has not actually been established, and it could take decades to reobserve this phenomenon, if the interpretation were valid in the first place.
Almost all of the abovementioned studies have been inspired by the advent of space-based high-accuracy stellar photometric observations, mostly driven by the CoRoT and Kepler space telescopes. The newly gained access to this kind of a data quality has sparked huge interest in the possibility of novel detection methods for exomoons and exorings. In the following, we first consider detection methods for exomoons and then we discuss exoring detection methods.
Detection Methods for Exomoons
About a dozen different theoretical methods have been proposed to search and characterize exomoons. For the purpose of this review, we will group them into three classes: (1.) dynamical effects of the transiting host planet, (2.) direct photometric transits of exomoons, and (3) other methods.
Dynamical Effects on Planetary Transits
The moons of the solar system are small compared to their planet, and so the natural satellites of exoplanets are expected to be small as well. The depth (d) of an exomoon's photometric transit scales with the satellite radius (R s ) squared: d ∝ R 2 s . Consequently, large exomoons could be relatively easy to detect (if they exist), but small satellites would tend to be hidden in the noise of the data.
Alternatively, instead of hunting for the tiny brightness fluctuations caused by the moons themselves, it has been suggested that their presence could be derived indirectly by measuring the TTVs and TDVs of their host planets. The amplitudes of both quantities (∆ TTV and ∆ TDV ) are linear in the mass of the satellite: (Sartoretti and Schneider 1999; Kipping 2009a) . Hence, the dynamical effect of low-mass moons is less suppressed than the photometric effect of small-radius moons.
Transit Timing Variation
In a somewhat simplistic picture, neglecting the orbital motion of a planet and its moon around their common center of gravity during their common stellar transit, TTVs are caused by the tangential offset of the planet from the planet-moon barycenter (see upper left illustration in Figure 2 , where "BC" denotes the barycenter). In a sequence of transits, the planet has different offsets during each individual event, assuming that it is not locked in a full-integer orbital resonance with its circumstellar orbit. Hence, its transits will not be precisely periodic but rather show TTVs, approximately on the order of seconds to minutes (compared to orbital periods of days to years).
Two flavors of observable TTV effects have been discussed in the literature. One is called the barycentric TTV method (TTV b ; Sartoretti and Schneider 1999; Kipping 2009a) , and one is referred to as the photocentric TTV method (TTV p or PTV; Szabó et al 2006; Simon et al 2007 Simon et al , 2015 . A graphical representation of both methods is shown in Figure 2 .
TTV b measurements refer to the position of the planet relative to the planetmoon barycenter. From the perspective of a light curve analysis, this corresponds to measuring the time differences of the planetary transit only, e.g. of the ingress, center, and/or egress (Sartoretti and Schneider 1999) .
PTV measurements, on the other hand, take into account the photometric effects of both the planet and its moon, and so the corresponding amplitudes can actually be significantly larger than TTV b amplitudes, details depending on the actual masses and radii of both objects (Simon et al 2015) .
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IMING VARIATIONS: THE MEANING
OF TTV AND PTV ake of clarity, we have to note that the photoing variation (PTV) differs from the convening variation (TTV). Because of their blurred nd TTV were called as TTV p and TTV b , reon et al. [2007] ), we briefly clarify the differheir usability and limitations in the following. chneider (1999) suggested that a moon around be detected by measuring the variation in the e planet due to gravitational effects. In their enter of the system orbits the star with a cond transits strictly periodically. As the planet ree planet-moon barycenter, its relative position is varying, so the transit of the planet starts sometimes earlier, sometimes later (Fig. 1) . This time shift is the conventional TTV:
where m s and m p are the masses of the moon and the planet, and χ and ϑ are the ratios (moon/planet) of the densities and radii, respectively. We note that TTV can be caused not only by an exomoon itself. Several other processes; e.g., an additional planet in the system (e.g., Agol & Steffen 2005; Nesvorn et al. 2014) , exotrojans (Ford & Gaudi 2006) , and periastron precession (Pál & Kocsis 2008) can also cause TTVs. The traditional TTV simply measures the timing variation of the planetary transit and does not consider the tiny photometric effect of the moon. Szabó et al. (2006) and Simon et al. (2007) argued against this simplification and proposed a new approach for obtaining the variation of the central time of the transit and calculated the geometric central line of the light curve by integrating the time-weighted occulted flux. They derived a formula which showed that there is a fixed point on the planet-moon line, which is the so called photocenter (PC in Fig. 2 ). In this photocenter, an imaginary celestial body causes the same photometric timing effect as the planet and the moon combined together. The motion of this visual body around the planet-moon barycenter leads to the variation of the transit time, which is the photocentric transit timing variation (PTV in Fig. 2 ):
This model takes into account both the photometric and barycentric effect of the moon.
Both methods have advantages and disadvantages. The traditional TTV uses parametric model light curve fitting (e.g., Mandel & Agol 2002) to derive the timing variations of the transit. This does not need equally sampled data and the result does not significantly depend on the number of the measurements. Furthermore, it allows characterizing the star-planet pair immediately and gives a physical interpretation of the system. However, the results depend on the model adopted to fit the data. For distorted light curves, blind model fitting can lead to nonphysical parameter combinations and ultimately misleading results; hence, model-independent tests are always very important. Moreover, mapping large parameter spaces for fitting extensive sets of observations can be extremely time-consuming, making a full, detailed analysis nearly impossible. In contrast, the technique of the PTV is a so-called nonparametric method which can provide fast reduction of the light curve shapes even for large sets of data. There is no need to make assumptions on the analytic light curve model, because PTV uses only a numerical summation of time-weighted fluxes in a window with certain width; hence, there is no need to increase the number of model parameters for distorted transit curves. It is true for both the TTV and the PTV that their usage is limited by the spatial configuration of the systems. Independently of their size, for close-in moons, mutual eclipses occur during the transit; therefore, due to the opposite motion of the moon, the apparent timing variation will be largely canceled out. Another difference between the techniques is demonstrated in Figure 3 , where the green light curve shows a transiting system with a leading moon, while the red one corresponds to the opposite case, when the moon is in a trailing position. As can be seen, the two effects are opposite in sign and the PTV can produce a larger signal. Interestingly, one can show from the derived formula of the TTV and the PTV that the former is more sensitive to the mass of the moon, while the latter gives better constraints on the radius of the moon (Simon et al. 2007 ).
To measure the entire PTV effect, the evaluation window should be longer than the transit duration. The size of this window depends on the parameters of the systems (Simon et al. 2012) , mainly on the semimajor axis of the moon, and therefore on the Hill sphere as well. For our simulation the window with triple duration width was enough to tiny drops due to the moon for all cases. Even i brightness decline on the left or right shoulder of th curve cannot be seen directly, they can cause mea shift in the transit time (Simon et al. 2007) .
We note that the magnitude of these effects dep density ratio of the companions. For example, if th the moon is double that of the planet, which can be t gas giant-rocky (or icy) moon system, the TTV dom if the size ratio is higher than 0.25. If the moon-pl ratio is about 0.5 for an Earth-Moon system, the surpasses the TTV (Fig. 4) .
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on the Hill sphere as well. For our simulation the choice of a window with triple duration width was enough to measure the tiny drops due to the moon for all cases. Even if this small brightness decline on the left or right shoulder of the main light curve cannot be seen directly, they can cause measurable time shift in the transit time (Simon et al. 2007 ). We note that the magnitude of these effects depends on the density ratio of the companions. For example, if the density of the moon is double that of the planet, which can be the case for a gas giant-rocky (or icy) moon system, the TTV dominates only if the size ratio is higher than 0.25. If the moon-planet density ratio is about 0.5 for an Earth-Moon system, the PTV always surpasses the TTV (Fig. 4) .
Hereafter, we will take the advantages of the PTV method to investigate the expected performance of the CHEOPS space telescope. However, to put the results into broader context, we will also compare PTV and TTV in selected cases. 
Transit Duration Variation
Planetary TDVs can be caused by several effects. First, they can be produced by the change of the planet's tangential velocity component around the planet-moon barycenter between successive transits (referred to as the TDV V component; Kipping 2009a) . When the velocity component in the planet-moon system that is tangential to the observer's line of sight adds to the circumstellar tangential velocity during the transit, then the event is relatively short. On the other hand, if the transit catches the planet during its reverse motion in the planet-moon system, then the total tangential velocity is lower than that of the barycenter, and so the planetary transit takes somewhat longer.
TDV effects can also be introduced if the planet-moon orbital plane is inclined with respect to the circumstellar orbital plane of their mutual center of gravity. In this case, the planet's apparent minimum distance from the stellar center will be different during successive transits, in more technical terms: its transit impact parameter will change between transits or, if the moon's orbital motion around the planet is fast enough, even during the transits. This can induce a TDV TIP component in the transit duration measurements of the planet (Kipping 2009b) .
It is important to realize that the waveforms of the TTV and TDV curves are offset by an angle of π/2 (Kipping 2009a). In a more visual picture, when the TTV is zero, i.e. when the planet is along the line of sight with the planet-moon barycenter, then the corresponding TDV measurement is either largest (for moons on obverse motion) or smallest (for moons on reverse motion), since the planet would have the largest/smallest possible tangential velocity in the planet-moon binary system. This phase difference is key to breaking the degeneracy of simultaneous M s and a s measurements (a s being the moon's semimajor axis around the planet). When plotted in a TTV-TDV diagram (Montalto et al 2012; Awiphan and Kerins 2013) , the resulting ellipse contains predictable dynamical patterns, which can help to discriminate an exomoon interpretation of the data from a planetary perturber, and it may even allow the detection of multiple moons (Heller et al 2016b) 
Direct Transit Signatures of Exomoons
Like planets, moons could naturally imprint their own photometric transits into the stellar light curves, if they were large enough (Tusnski and Valio 2011) . The lower two panels of Figure 2 show an exomoon's contribution to the stellar bright variation in case the moon is trailing (upper light curve) or leading (lower light curve) its planet. Note that if the moon is leading, then its transit starts prior to the planetary transit, and so the exomoon transit affects the right part of the planetary transit in the light curve. As mentioned in section "Dynamical Effects on Planetary Transits", the key challenge is in the actual detection of this tiny contribution, which has hitherto remained hidden in the noise of exoplanet light curves.
As a variation of the transit method, it has been suggested that mutual planetmoon eclipses during their common stellar transit might betray the presence of an exomoon or binary planetary companion (Sato and Asada 2009; Pál 2012) . This is a particularly interesting method, since the mutual eclipses of two transiting planets have already been observed (de Wit et al 2016) . Yet, in the latter case, the two planets were known to exist prior to the observation of their common transit, whereas for a detection of an exomoon through mutual eclipses it would be necessary to test the data against a possible origin from star-spot crossings of the planet (Lewis et al 2015) and to use an independent method for validation.
Orbital Sampling Effect
One way to generate transit light curves with very high signal-to-noise ratios in order to reveal exomoons is by folding the measurements of several transits of the same object into one phase-folded transit light curve. Figure 3 shows a simulation of this phase-folding technique, which is referred to as the orbital sampling effect (OSE; Heller et al 2016a) . The derived light curve does not effectively contain "better" data than the combination of the individual transit light curves (in fact it loses any information about the individual TTV and TDV measurements), but it enables astronomers to effectively search for moons in large data sets, as has been done by Hippke (2015) to generate superstack light curves from Kepler (see section "Tentative Detections of Exomoons and Exorings").
Scatter Peak
The minimum possible noise level of photometric light curves is given by the shot noise (or Poisson noise, white noise, time-uncorrelated noise), which depends on the number of photons collected and, thus, on the apparent brightness of the star. For the amount of photons typically collected with space-based optical telescopes, the minimum possible signal-to-noise ratio (SNR) of a light curve can be approximated as the square root of the number of photons (n): SNR ∝ √ n. And so the SNR of a phase-folded transit light curve of a given planet goes down with the square root of the number of phase-folded transits (N): SNR OSE ∝ √ N. In other words, for planets transiting photometrically quiet host stars, the noise-to-signal ratio (1/SNR) of the phase-folded light curve converges to zero for an increasing number of transits.
If the planet is accompanied by a moon, however, then the variable position of the moon with respect to the planet induces an additional noise component. As a consequence, and although the average light curve is converging toward analytical models (see Figure 3) , the noise in the planetary transit is actually increasing due to the moon. For large N, once dozens and hundreds of transits can be phase-folded, the OSE becomes visible together with a peak in the noise, the latter of which has been termed the scatter peak (Simon et al 2012) . As an aside, the superstack OSE candidate signal found by Hippke (2015) was not accompanied by any evidence of a scatter peak.
Other Methods for Exomoon Detection
In some cases, where the planet and its moon (or multiple moons) are sufficiently far from their host star, it could be possible to optically resolve the planet from the star. This has been achieved more than a dozen times now through a method known as direct imaging (Marois et al 2008) . Though direct imaging cannot, at the current stage of technology, deliver images of a resolved planet with individual moons, it might still be possible to detect the satellites. One could either try and detect the shadows and transits of the moons across their host planet in the integrated (i.e. unresolved) infrared light curve of the planet-moon system (Cabrera and Schneider 2007; Heller 2016) , or one could search for variations in the position of the planet-moon photocenter with respect to some reference object, e.g. another star or nearby exoplanet in the same system (Cabrera and Schneider 2007; Agol et al 2015) . Fluctuations in the infrared light received from the directly imaged planet β Pic b, as an example, could be due to an extremely tidally heated moon (Peters and Turner 2013) that is occasionally seen in transit or (not seen) during the secondary eclipse behind the planet. A related method is in the detection of a variation of the net polarization of light coming from a directly imaged planet, which might be caused by an exomoon transiting a luminous giant planet (Sengupta and Marley 2016).
It could also be possible to detect exomoons through spectral analyses, e.g. via excess emission of giant exoplanets in the spectral region between 1 and 4 µm pulsar timing variations (Lewis et al 2008) , modulations of radio emission from giant planets (Noyola et al 2014 (Noyola et al , 2016 , or the generation of plasma tori around giant planets by volcanically active moons (Ben-Jaffel and Ballester 2014).
Detection Methods for Exorings
Just like moons are very common around the solar system planets, rings appear to be a common feature as well. Naturally, the beautiful ring system around Saturn was the first to be discovered. Less obvious rings have also been detected around all other gas giants in the solar system and even around an asteroid (Braga-Ribas et al 2014) . In the advent of exoplanet detections, astronomers have thus started to develop methods for the detection of rings around planets outside the solar system.
Direct Photometric Detection
The detection of rings around exoplanets is closely related to many of the abovementioned methods (see section "Direct Transit Signatures of Exomoons") of direct photometric transit observations of exomoons. Like moons, rings can cause additional dips in the planetary transit light curve (Tusnski and Valio 2011) . But rings do not induce any dynamical effects on the planet and, hence, there will be no TTVs or TDVs. In fact, a ring system can be expected to impose virtually the same pattern on each individual transit of its host planet because rings should look the same during each transit. Moons, however, would have a different position relative to the planet during individual transits (except for the case of full-integer orbital resonances between the circumstellar and the circumplanetary orbits). This static characteristic of the expected ring signals make it susceptible to misinterpretation, e.g. by a standard fit of a planet-only model to a hypothetically observed planet-with-ring light curve: in this case, the planet radius would be slightly overestimated, while the ring could remain undetected. However, the O-C diagram (O for observed, C for calculated) could still indicate the ring signature (Barnes and Fortney 2004; Zuluaga et al 2015) As a consequence, rings could induce a signal into the phase-folded transit light curve, which is very similar to the OSE (section "Orbital Sampling Effect"), since the latter is equivalent to a smearing of the moon over its circumplanetary orbit -very much like a ring. The absence of dynamical effects like TTVs and TDVs, however, means that there would also be no scatter peak for rings (section "Scatter Peak"). Thus, an OSE-like signal in the phase-folded light curve without an additional scatter peak could indicate a ring rather than a moon.
One particular effect that has been predicted for light curves of transiting ring systems is diffraction, or forward-scattering (Barnes and Fortney 2004) . Diffraction describes the ability of light to effectively bend around an obstacle, a property that is rooted in the waveform nature of light. In our context, the light of the host star encounters the ring particles along the line of sight, and those of which are µm-to 10 m-sized will tend to scatter light into the forward direction, that is, toward the observer. In other words, rings cannot only obscure the stellar light during transit, they can also magnify it temporarily (see Figure 4) . Moreover, rings can also reflect the stellar light to a significant degree, which can cause variations in the out-oftransit phases of the lightcurve (Arnold and Schneider 2004).
Other Detection Methods
Beyond those potential ring signals in the photometric transit data, rings might also betray their presence in stellar transit spectroscopy. The crucial effect here is similar to the Rossiter-McLaughlin effect of transiting planets: as a transiting ring proceeds over the stellar disk, it modifies the apparent, disk-integrated radial velocity of its rotating host star. This is because the ring covers varying parts of the disk, all of which have a very distinct contribution to the rotational broadening of the stellar spectral lines (Ohta et al 2009) . Qualitatively speaking, if the planet with rings transits the star in the same direction as the direction of stellar rotation, then the ring (and planet) will first cover the blue-shifted parts of the star. Hence, the stellar radial velocity will occur redshifted during about the first half of the transit -and vice versa for the second half.
Another more indirect effect can be seen in the Fourier space (i.e. in the frequency domain rather than the time domain) of the transit light curve, where the ring can potentially stand out as an additional feature in the curve of the Fourier components as a function of frequency (Samsing 2015) .
Conclusions
In this chapter, we discussed about a dozen methods that various researchers have worked out over little more than the past decade to search for moons and rings beyond the solar system. Although some of the original studies, in which these methods have been presented, expected that moons and rings could be detectable with the past CoRoT space mission or with the still active Kepler space telescope (Sartoretti and Schneider 1999; Barnes and Fortney 2004; Kipping et al 2009; , no exomoon or exoring has been unequivocally discovered and confirmed as of today. This is likely not because these extrasolar objects and structures do not exist, but because they are too small to be distinguished from the noise. Alternatively, and this is a more optimistic interpretation of the situation, those features could actually be detectable and present in the available archival data (maybe even in the HST archival data of transiting exoplanets), but they just haven't been found yet. The absence of numerous, independent surveys for exomoons and exorings lends some credence to this latter interpretation: Out of the several thousands of exoplanets and exoplanet candidates discovered with the Kepler telescope alone, only a few dozen have been examined for moons and rings with statistical scrutiny (Heising et al 2015; Kipping et al 2015) .
It can be expected that the Kepler data will be fully analyzed for moons and rings within the next few years. Hence, a detection might still be possible. Alternatively, an independent, targeted search for moons/rings around planets transiting apparently bright stars -e.g. using the HST, CHEOPS, or a 10 m scale ground-based telescope, might deliver the first discoveries in the next decade. If none of these searches would be proposed or proposed but not granted, then it might take more than a decade for the PLAnetary Transits and Oscillations of stars (PLATO) mission (Rauer et al 2014) to find an exomoon or exoring in its large space-based survey of bright stars. Either way, it can be expected that exomoon and exoring discoveries will allow us a much deeper understanding of planetary systems than is possibly obtainable by planet observations alone.
